Washed Clostridium sporogenes lysed during storage at 2 ' or on incubation a t 37' in various buffered salt solutions. The lysis was accompanied by a marked increase in adenosine triphosphatase activity (ATPase), due to an enzyme bound to the cytoplasmic membrane. The lysis in buffered salt solutions was most rapid in young vegetative organisms and negligible in organisms from cultures incubated for 30 hr. No lysis occurred when organisms were incubated in buffered sucrose, but young organisms formed spheroplasts under these conditions. Both young and older organisms incubated in sucrose lysed when diluted in water. After lysis the residue of older organisms appeared structurally similar to cell-wall membranes prepared by crushing the organisms. Organisms incubated in EDTA or salt solutions containing sulphydryl compounds did not lyse during the incubation or on subsequent dilution with water. It is suggested that lysis was mainly due to changes in the composition or structure of the cell wall and not to alterations in the protoplasmic membrane.
INTRODUCTION
The lysis of bacteria can occur without the addition of a lytic agent either in the growth medium or after separation from it. Such autolysis may be preceded by the formation of rounded osmotically sensitive forms (spheroplasts or protoplasts ; McQuillen, 1960) , but often the organisms may lyse without spheroplast formation (Collins, 1964) . In either case, the autolysis is associated with changes in the cell wall leading to loss of rigidity when spheroplasts are formed or a change in association of the cell wall and the permeability barrier when they are not formed (Collins, 1964) . The present work is concerned with factors which control the autolysis of Clostridium spmogenes which occurred after collecting, washing and storing the organisms in various buffered media. Lysis was followed by measuring the release of cell components and estimating the activity of a membrane-bound ATPase which is apparently inactive in intact organisms owing to impermeability to ATP.
METHODS
Growth and handling of organisms. The organism used was a strain of Clostridium spmogenes isolated from mouse intestinal microflora and characterized by its ability to utilize cholesterol (Galli & Carini, 1962 (BartonWright, 1952 ), 5 ml. The components were dissolved in 11. water and adjusted to pH7.6 with NaOH. Usually 101. batches were grown in 101. narrow-necked Pyrex bottles filled to the top with the medium and autoclaved for 10 min. a t 115'. After incubation at 37" the organisms were collected by centrifugation and washed once in a solution containing 0.9% (w/v) NaCl and 0.2~-tris+maleate buffer (pH 7-0). The organisms were resuspended, packed by centrifugation for 30 min. at SOOOg and then suspended smoothly in a suitable medium by the aid of a Konte's type glass homogenizer (Konte's Glass Works, Vineland, New Jersey, U.S.A.) to contain the equivalent of 0.1 g. dry wt. organisms/ml.
Estimations of Zysis. Suitable volumes of the above suspension of organisms were placed in the medium to be studied, in glass-stoppered tubes. To follow lysis, samples were taken at intervals and their extinction measured at 540 m,u (E540) in a Unicam SP 600 spectrophotometer. The extinction was expressed as
and is referred to as ' yo lysis'. Samples were prepared at the same time for light microscopy and examined immediately by phase contrast or fixed by heat and stained by Gram's method. Samples for electron microscopy were fixed in Palade buffered osmium solution (Palade, 1952) , washed twice with water and mounted on Formvar covered grids. The grids were examined a t magnifications of x 600-17 000 in the Akashi Tronoscope. When the release of components from organisms to the suspending fluid was to be measured the samples were centrifuged at 2' for 15-20 min, at 18,OOOg and the component estimated in the clear supernatant fluid. Usually 0.1 ml. of the cell preparation was incubated at 37" in a mixture containing ATP l.O,umole, 0.5 ml. 0*2~-tris+maleate buffer (pH 7-0), MgCI, 1.0 mole; in total vol. 1.0 ml. After incubation the tubes were placed in ice, cooled to 2", and 1.0 ml. cold 5 % (w/v) perchloric acid added. The tubes were centrifuged and phosphate estimated in 0.5 ml. of the supernatant fluid by the method of Fiske & SubbaRow (1925) .
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RESULTS
Lysis of stored suspensions of organisms Suspensions of organisms which had been incubated for 16 to 24 hr were stored in 0*2~-tris + maleate buffer (pH 7.0) containing 0-9 % (w/v) NaCl at 2' for periods up to 7 days, during which time they became very viscous. The viscosity was rapidly decreased by the addition of crystalline DNase (1 mg./100 ml. suspension), and was presumably due to the release of DNA from the organisms. After treatment with DNase the suspension was centrifuged for 30 min. at 28,OOOg. The supernatant fluid contained the bulk of the cell protein DNA and RNA. The solid residue contained high ATPase activity ( Table 1 ) and in the electron microscope was similar in appearance to cell-wall membrane preparations obtained by crushing fresh organisms in the Hughes press and treatment with DNase (Hunt, Rodgers & Hughes, 1959) . In the light microscope by phase contrast the organisms appeared to be little changed, but when stained by Gram's method most organisms were Gramnegative, instead of Gram-positive as at the beginning of the storage period. There was no apparent formation of spheroplasts at any time in such suspensions. A similar but more rapid lysis was observed when the suspensions were incubated at 37": complete lysis occurred in 16-18 hr. Most of the subsequent experiments were done at 37". The efect of sucrose on lysis Suspensions of organisms in concentrations of sucrose from 0.5 to 1 . 5~ were incubated at 37' for 18 hr. Slight lysis was observed in the lowest concentration but no lysis occurred in 1.0 ni-sucrose as judged by extinction and protein determinations. However, when such suspensions were diluted with water to decrease the concentration of sucrose below 0 * 2 M , most of the remaining organisms lysed almost immediately. The ATPase of suspensions was negligible before dilution but increased rapidly upon dilution and was equal to that of organisms incubated in the absence of sucrose ( Table 2 ). In the light microscope and in the electron microscope organisms incubated in sucrose appeared to be unchanged, but were found to be empty upon dilution in water (Fig. 1) . NaCl at various concentrations had no effect on lysis. Na ethylenediaminetetra-acetate (EDTA, 500pg./ml.) inhibited lysis completely. Organisms incubated with EDTA did not lyse on dilution in water nor did their
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ENRICA GALLI AND D. E. HUGHES ATPase activity increase. The addition of CaCl,, MgCI,, MnCl, (all 0.01 M) as well as EDTA allowed lysis to proceed (Table 3) .
T h e eflect of sylphydryl compounds 012 lysis
The addition of cysteine, mercapto-acetate, aminoethylthiouronium chloride (AET) or mercapto-ethanol to the incubation mixture in concentrations from 0.05 to 0 . 0 0 4~ slowed or prevented the lysis (Table 4 ). In the optimum mercaptoacetate concentration ( 0 -02 M) organisms appeared to be unchanged microscopically MgCI, or -MnCI, or -CaCl, after incubation at 37' for 18-20 hr and even after dilution in water the organisms appeared normal. There was no increase in ATPase activity in organisms incubated with the sulphydryl compounds and then diluted in water ; surprisingly, mercaptoethanol did not affect lysis. There was no marked difference between organisms shaken and incubated in wide flasks exposed to the air or in narrow sealed tubes. Likewise collecting and washing the organisms in media containing SH-compounds
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The effect of age of culture on lysis Cultures of Clostridium sporogenes were harvested at different times corresponding t o the late lag (4 hr), exponential growth (8-12 hr) and stationary (12-30 hr) phase of growth, and their lysis followed by extinction and microscopic examinations under the usual conditions when suspended in buffer alone, buffer+sucrose, or buffer+mercapto-acetate. In buffer alone the lysis was greater in the youngest organisms and least in the oldest, in fact organisms harvested at 30 hr did not lyse appreciably during incubation for 18 hr ( Table 5 ) . In buffered sucrose, the youngest organisms (4-8 hr) slowly lysed but this was accompanied by the appearance of some spheroplasts (Fig. 2) . The older organisms (18-30 hr) did not show such spheroplast formation. The spheroplasts from young organisms in buffer + sucrose lysed instantly when diluted in water, leaving typical 'ghost' forms (Fig. 3) . In the electron microscope most of the spheroplasts from young organisms appeared to be empty even before dilution in water. This was because they lysed upon the addition 350 ENRICA GALLI AND D. E. HUGHES of fixative, no satisfactory way was found to preserve them. In contrast, apparently unlysed organisms and older organisms upon dilution formed cell-wall membranes (Fig. 4) . Both young and older organisms incubated in buffered mercapto-acetate (0-03 M) remained intact, as judged microscopically, by extinction and protein determinations ( Table 6 ). In following the ATPase of young cultures it was found that many batches lysed in less than 20 min. in the enzyme assay incubation mixture, this was completely prevented by the addition of sucrose (to 1.0~). There was no apparent effect of The autolysis of Cloatridium sporogenes 351 sucrose on ATPase activity. With sucrose in the incubation mixture the ATPase activity with young and old organisms paralleled the results of microscopic examination, in showing that in young and rapidly growing organisms the changes which preceded lysis took place rapidly, whereas in the older organisms this process became progressively slower ( Table 7) . Chemical analysis of cell fractions The solid and supernatant fractions from cell-wall membranes prepared in the Hughes press and those prepared by lysis appeared similar in the chemical composition of most of the fractions analysed except that the total carbohydrate in lysed preparations was much lower than those from the press (Table 8) . Both solid preparations contained about 6-8 % total lipid of which the bulk was phospholipid as indicated by a figure of 3-4 yo inorganic phosphate after ashing. Fractions of the lipid were esterified and examined by gas chromatography. There appeared to be no major difference in the distribution of fatty acids between the two types of preparations.
DISCUSSION
The work reported in this paper started with the observation that Clostridium sporogenes vegetative forms with a low initial ATPase activity increased in activity upon storage a t 2" in various salt solutions. A similar but less marked increase had previously been seen with preparations of certain lactobacilli (Cole & Hughes, 1965) . Experiments with crushed C . sporogenes and C . welchii confirmed that, as with all other bacteria so far tested, the ATPase was located in the protoplasmic membrane (Hughes, 1962) . It seemed therefore that the increase of ATPase activity upon storage might be explained by an increase in the permeability of the membrane which is normally impermeable to ATP. Such changes can be caused by the addition of cationic detergents to whole cells (Dr V. Knivett, personal communication). However, further experiments suggest that the membrane probably remains intact until changes occur in the cell-wall which render the cell extremely sensitive to osmotic shock. This idea is supported by the finding that organisms incubated in sucrose solutions neither lyse nor increase in ATPase activity. Subsequent dilution
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ENRICA GALLI AND D. E. HUGHES of such organisms in water results in immediate lysis and increase in ATPase activity. Microscopic examination showed organisms of normal appearance after incubation in sucrose but on dilution in water they emptied to produce typical empty cell walls. The ATPase and phospholipid were associated with the cell wall; for this reason the preparation is considered to be similar to cell-wall membranes prepared by disintegrating cells in the Hughes press (Hunt et al. 1959) or in the French press (Dr. J. Wimpenny, personal communication). The younger organisms produced rounded forms in sucrose; these lysed on dilution in water and are therefore referred to as ' spheroplasts '. Lysis associated with spheroplast formation could be explained by changes in cell-wall structures associated with the 'rigid layer' (Weidel, Frank & Martin, 1960) . In the older organisms lysis however appeared not be be accompanied by such changes in the rigidity of the wall. A similar lysis without spheroplast formation has recently been reported by Collins (1964) and by Voss (1964) . It is possible that this type of lysis may be due to a loosening of the bonding between the wall and the membrane postulated by McQuillen (1958) and Hughes (1962). The lysis discussed by Collins was brought about by a lytic enzyme derived from old organisms and that by Voss was due to lysozyme and EDTA. In both cases the lysis was accompanied by a loss of material from the outer envelopes, presumably the cell wall. Lysis due to deficiencies of cell-wall structures can be produced in growing bacteria by the addition of inhibitors of cell-wall synthesis to the medium (Welsch, 1958) or by the omission of essential cell-wall constituents from the medium (Toennies & Shockman, 1958). The autolysis of growing cultures may be due to lytic agents of microbial origin such as lysogenic phages (Jacob & Fuerst, 1958) and colicins (Fredericq, 1958) . In stationary cell suspensions lytic enzymes such as those described by Collins (1964) may also produce lysis. The lysis reported here was muchmoremarked when young organisms rather than older ones were incubated in the absence of growth medium. It could thus be explained by the exhaustion of some essential wall component consequent on some growth in the absence of extraneous nutrient medium, and depending on endogenous metabolism. Alternatively the action of lytic enzymes cannot altogether be ruled out despite their not being found in organisms or culture medium. The protection against lysis by EDTA and sulphydryl compounds would tend to support the idea of the second mechanism (see Repaske, 1960; Voss, 1964) , since both these agents can modify lysis. Empty cells formed by diluting cells. Cells were grown for 18 hr, collected and washed, and incubated for 18 hr in sucrose and then diluted in water. x 12,000. Fig. 2 . An early stage of lysis in young cells (8 hr growth) incubated in sucrose and showing the start of spheroplast formation. x 7,500. Fig. 3 . Empty spheroplasts, i.e. 'ghosts' formed from young cells (8 hr) incubated for 18 hr in sucrose and diluted in water. x 12,000. Fig. 4 . Cell-wall membranes from crushed cells incubated with DAase but not further treated. Shadowed with Au-Pd. x 15,000.
